ABSTRACT
INTRODUCTION
The creation of long-range physical maps is an important technique for the analysis of complex genomes. In positional cloning attempts, it provides a rapid test to establish physical linkage between genetically, tightly linked DNA markers. The objective of our experiments was to assign barley ( Hordeum vulgare ) single-copy restriction fragment length polymorphisms (RFLP) markers to large restriction fragments separated on pulsed-field gels.
Currently, Southern blot hybridizations of pulsed-field gels are routinely performed by radioactive labeling and detection methods. Major disadvantages of the isotope technique are the required long exposure times (about one to seven days for picogram amounts of target DNA), the short halflife of 32 P-labeled probes and the accompanying health hazards and waste disposal problems. To establish a fast and reproducible hybridization procedure that eliminates all such disadvantages, we used digoxigenin (DIG)-labeled probes (5,7) for the hybridization step followed by chemiluminescent detection. Although DIG-mediated detection of pulsed-field gel electrophoresis (PFGE)-separated restriction fragments has been shown in less complex bacterial genomes (2), the applicability of this system for the analysis of complex genomes, like the one of barley [approximately 5 ×10 9 bp per haploid genome (1)], is, to our knowledge, demonstrated here for the first time.
MATERIALS AND METHODS

DNA Preparation
High-molecular-weight (HMW) DNA of barley was isolated from leaf material of 5-7-day-old seedlings using a procedure according to Siedler and Graner (8) .
Restriction Endonuclease Digest
The digestion with Bss HII (Boehringer Mannheim, Mannheim, Germany) was performed in 150 µ L restriction buffer A Bss HII (Boehringer Mannheim) and with 15 U of enzyme for 4 h at 50°C. Pulsaphor ® apparatus (Pharmacia Biotech, Uppsala, Sweden) at 180 V with pulse times from 10-60 s (linear interpolation) for 25 h in 0.5 × TBE (50 mM Tris-HCl, 50 mM boric acid, 1 mM EDTA, pH 8.3) at 12°C.
Capillary Transfer
For visualization of DNA, gels were stained in 0.5 ×TBE containing 1 mg/ mL ethidium bromide. The DNA was then partially depurinated with 0.25 M HCl for 20 min, denatured with 0.5 M NaOH and 1.5 M NaCl for 40 min and neutralized in 1 M Tris-HCl, pH 7.4 and 1.5 M NaCl for 40 min. Capillary transfer was carried out with 20 ×SSC (3 M NaCl, 0.3 M citric acid, pH 7.0) for 12 h using a positively charged membrane (Boehringer Mannheim). Nucleic acids were fixed by ultraviolet (UV)-crosslinking ( λ = 302 nm) for 10 min and baking at 80°C for 2 h.
Probe Labeling
Alkali-labile DIG-11-dUTP (Boehringer Mannheim) was incorporated into two different single-copy probes (3,4) using polymerase chain reaction (PCR). PCRs were set up in a final volume of 50 µ L containing 200 µ M dATP, dCTP and dGTP; 160 µ M dTTP, 40 µ M DIG-11-dUTP, 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl 2 , 1 U TaqDNA Polymerase (Boehringer Mannheim), 150 ng of each primer and approximately 100 pg template DNA [Bluescript ® SK(-) (Stratagene, Heidleberg, Germany), containing the respective DNA probes]. After an initial denaturation step of 2 min at 94°C, 35 cycles of PCR were performed using a thermal cycler. Each cycle included 30 s at 94°C for denaturation, 30 s at 56°C for annealing and 90 s at 72°C for strand extension.
The amplification of both probes was executed using the primers SK and KS (Stratagene). The efficiency of the PCR and DIG-dUTP incorporation was evaluated by agarose gel electrophoresis in comparison to the respective unlabeled product, which was conducted in parallel.
Hybridization
Membranes were pre-hybridized for 2 h with 0.1 mL/cm 2 DIG Easy Hyb (Boehringer Mannheim) at 38°C in a hybridization oven (Bachhofer, Reutlingen, Germany). The solution was replaced by the hybridization solution including the denaturated probe and incubated at 38°C overnight. Generally, 2 µ L of the PCR per mL hybridization solution were chosen without prior purification. The blots were washed twice with 2 mL/cm 2 2 ×SSC, 0.1% wt/vol sodium dodecyl sulfate (SDS) for 5 min at room temperature and then three times with 0.5 × SSC, 0.1% wt/vol SDS for 10 min at 68°C.
Chemiluminescent Detection
Chemiluminescent detection was performed according to the manufacturer's procedure using the DIG Luminescent Detection Kit (Boehringer Mannheim). After washing, the membranes were incubated with AMPPD ® Chemiluminescent Substrate (Boehringer Mannheim) and subsequently exposed to X-ray film for 2 h.
Probe Removal
For rehybridization of the membrane, the DIG-hapten was removed by two incubation periods of 15 min in a solution containing 0.2 NNaOH and 0.1% wt/vol SDS at 37°C.
RESULTS AND DISCUSSION
Our experiments reveal that the sensitivity of the DIG-mediated detection system is at least equal to techniques based on radioactively labeled probes. Excellent results are obtained within 2 h of exposure time, and the detection of picogram amounts of target DNA with different single-copy probes is routinely reproducible.
Thus far, the most common way to generate DIG-labeled probes has been by random primed labeling. This usually requires at least 500 ng of template DNA to synthesize enough labeled probe to achieve single-copy sequence detection.
We decided to use PCR for simultaneous probe amplification and incorporation of DIG-labeled nucleotides. We found that this method is less dependent on the purity of the initial template DNA. Picogram amounts of template DNA are sufficient to generate probes, and the time-consuming preparation of bacterial plasmid DNA can be avoided. The uniform length of PCR products (in contrast to the fragments generated during random primed labeling), allows for a fast control and quantification of the labeled probe by analytical gel electrophoresis. Because of the incorporation of the DIG-hapten, PCR-labeled products show an increase in molecular weight in comparison to the respective unlabeled product after separation by agarose gel electrophoresis (see Figure  1) . The DNA concentration of the amplification product can be roughly estimated on the gel. Thus, it is also possible to save the time that would be necessary to perform the more elaborate direct detection assay for the evaluation of the efficiency of DIG-incorporation in random primed labeled probes.
A possible problem that may arise is that a PCR-mediated labeling requires some knowledge of the sequence of the chosen probe. We circumvented this by using oligonucleotide primers that anneal to sequences flanking the multiple cloning site of the plasmid vector in which the probes were inserted. We compared the hybridization pattern achieved with PCR-labeled probes to the results obtained by applying the same probes that were random primed labeled and detected identical restriction fragments. In addition, identical hybridization patterns were detected with radioactively and DIG-labeled probes (data not shown).
To establish an optimal hybridization procedure, we first examined different nylon membranes. Some membranes that gave excellent results with a radioactive detection system were incompatible with the DIG-mediated detection system. Membranes that gave good results in connection with the DIG system were Hybond ® -N (Amersham, Arlington Heights, IL, USA) and the positively charged membrane from Boehringer Mannheim. To find an optimal hybridization buffer, we tested sodium chloride sodium phosphate EDTA (SSPE)-based hybridization buffers (6) with and without blocking reagent in comparison to DIG Easy Hyb. In our experiments, we found DIG Easy Hyb gives a superior signalto-noise-ratio in comparison with the SSPE-based hybridization buffers.
Hybridization parameters have been optimized for the applied probes. We emphasize that hybridization and washing conditions can be optimized for each probe. After having identified 38°C as a useful hybridization temperature, we had to vary primarily the temperature for the washes with the different probes. We found that most probes yielded sufficient results with washes at 65°C; but generally, probes longer than 1 kb revealed a higher signal-to-noise ratio when washes were performed at 68°-70°C.
When working with non-isotopic
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probes, stripping and reprobing of membranes is critical, because signals derived from previously hybridized probes may appear again. When incorporating DIG linked to dUTP by means of an alkali-labile spacer arm, the hapten can easily be removed by alkali treatment. To prove that the DIG-hapten can be quantitatively removed without loss of target DNA, the membrane shown in Figure 2 was rehybridized after stripping with a second single-copy probe. No signal of the previous hybridization was detected, and the intensity of the new signals was equal to the first hybridization (see Figure 3 ). Compared to radioactive labeling and detection, the data provided clearly demonstrates that the DIG-mediated approach is at least equal in sensitivity yet substantially faster.
